Background and Purpose-High-intensity transient signals (HITS) are the transcranial Doppler representation of both air and solid cerebral emboli. We studied the frequency of HITS associated with different surgical maneuvers during cardiopulmonary bypass for coronary artery bypass graft surgery and their association with postoperative cognitive dysfunction (POCD). Methods-We combined 356 patients undergoing coronary artery bypass graft from 2 clinical trials who had both neuropsychological testing (before, 1 week and 3 months after surgery) and transcranial Doppler during cardiopulmonary bypass. HITS were grouped into periods that included: cannulation, cardiopulmonary bypass onset, aortic crossclamp-on, aortic crossclamp-off, side clamp-on, side clamp-off, and decannulation. POCD was defined by a decreased combined Z-score of at least 2.0 or reduction in Z-scores of at least 2.0 in 20% of the individual tests. Results-Incidence of POCD was 47.3% and 6.3% at 1 week and 3 months after surgery. There was no association between cardiopulmonary bypass counts of HITS and POCD at 1 week (Pϭ0.617) and 3 months (Pϭ0.110). No differences in HITS counts were identified at any of the surgical periods between patients with and without POCD. Factors affecting HITS counts were surgical period (PϽ0.0001), blood flow velocity (Pϭ0.012), cardiopulmonary bypass duration (Pϭ0.040), and clinical study (Pϭ0.048). Conclusions-Although cerebral microemboli have been implicated in the pathogenesis of POCD, in this study that included low-risk patients undergoing coronary artery bypass surgery, there was no demonstrable correlation between the counts of HITS and POCD. (Stroke. 2010;41:00-00.)
I
t is commonly believed that cerebral emboli during cardiopulmonary bypass (CPB) are associated with postoperative cognitive dysfunction (POCD). 1, 2 This hypothesis has been supported by findings of microscopic clots in the aortic cannula after decannulation in patients undergoing CPB 3 and the presence of fat emboli, as evidenced by small arteriolar dilatations, in the brains of patients who died after CPB. 4 Transcranial Doppler (TCD) has become 1 of the principal tools to document cerebral emboli during surgery in clinical studies assessing strategies to improve neurological outcome after CPB. 5 This technology detects cerebral emboli by the ultrasonic characteristics of the embolus-blood interface in the form of high-intensity transient signals (HITS). 5, 6 Although a large number of HITS occur during CPB, there are no large studies confirming that these embolic signals are correlated with POCD.
During CPB, both air and solid emboli (ie, fat, clots, platelet aggregates, atherosclerotic plaque material) may be delivered to the brain. [2] [3] [4] Solid emboli in particular are more likely associated with adverse neurological events such as stroke 7 and perhaps cognitive deficits. 2, 4, 8 Some studies 2, 3, 5, 6 have suggested that during CPB, solid emboli are more frequently released during certain surgical maneuvers. If solid emboli represented by HITS are in fact associated with POCD, then this association would be best detected during such maneuvers. To explore this association, we studied the time course and distribution of HITS occurring during different surgical maneuvers during CPB and their association with POCD. We had the opportunity to study a large number of patients by combining data from 2 recently completed randomized clinical trials. It was anticipated that with such a large prospective database of HITS, we would be able to confidently assess the correlation of HITS with POCD for the entire duration of CPB and also evaluate this correlation during periods of CPB when solid emboli are most likely.
Materials and Methods

Patient Population
Both clinical studies were approved by our Institutional Ethics Review Board. Patients undergoing elective coronary artery bypass graft (CABG) surgery who required CPB were asked for informed consent before their enrollment. The inclusion and exclusion criteria and their respective screening methods have been reported elsewhere. 9, 10 In the first study (Temp), patients were randomly assigned to maintain hypothermia (34°C) or normothermia (37°C) throughout CPB. 9 In the second study (Cardio), patients were randomized to receive either unprocessed cardiotomy suction blood or cardiotomy blood, which had undergone centrifugal washing and lipid filtration. 10 The primary outcome of both studies was the incidence of POCD.
Surgical Technique and CPB
Our CPB equipment and management protocols have been described elsewhere. 9, 10 In brief, CPB was achieved through a short (curved or straight) or long-tip aortic cannula and a 2-stage right atrial cannula. CABG was accomplished either using the traditional technique of constructing the distal anastomoses during a single period of aortic crossclamping and the proximal anastomoses through a single period of partial occlusion of the ascending aorta (dual-clamp technique); or both proximal and distal anastomoses were constructed using a single period of aortic crossclamping (single-clamp technique).
Neuropsychological Testing
Each patient underwent a standard battery of neurobehavioral tests, including those recommended by a consensus conference (Table 1 ). 11 Patients were tested before surgery (baseline), before hospital discharge (1 week), and 3 months after the surgery.
TCD Measurements
TCD recordings were obtained from before aortic cannulation to immediately after aortic decannulation. Our TCD equipment and reviewing procedures have been previously described. 12, 13 Only embolic signals identified in the middle cerebral arteries with relative intensities Ͼ8 dB (intensity threshold) were accepted. Bilateral middle cerebral artery counts of HITS were grouped into periods that included the following surgical maneuvers: cannulation; defined from the time of aortic cannulation to before CPB initiation, CPB onset; from CPB initiation to immediately before the application of the aortic crossclamp, aortic X-clamp-on; from aortic crossclamping to immediately before declamping, aortic X-clamp-off; from aortic declamping to before aortic side-clamping, side clamp-on; from the application of the aortic side clamp to immediately before its release, side clamp-off; from aortic side clamp release to the end of CPB, and decannulation; from the time of CPB termination to immediately after aortic decannulation. For the single aortic crossclamp technique, the interval between the release of the aortic crossclamp and the end of CPB was considered as the period of Aortic X-clamp-off.
TCD Analysis
An ultrasonographer (R.A.R.) who was unaware of the results of the cognitive assessment and patient treatment allocation reviewed the TCD recordings and classified ultrasonic signals into true or equivocal HITS, Doppler speckles, and artifacts according to preestablished criteria. 13 Only true HITS were considered in the final counts of HITS. The quality of the TCD recording was assessed using a 5-point scoring scale. Only patients with high-quality bilateral recordings (scores 4 and 5) were included in the final analysis. To determine differences associated with the technique of aortic clamping, we compared the sum of HITS from the time of the application of the aortic crossclamp to the end of CPB between single and dual-clamp techniques. The effects of perfusionist's interventions (ie, drug infusion, blood sampling) 12 on the HITS counts during the period of Aortic X-clamp-on were documented by the sum of all counts of HITS that occurred within the next minute after any perfusionist's intervention. Because perfusionist's interventions represent sources of air for cerebral emboli, 12 HITS associated with these interventions were excluded before determining the relationship between cerebral blood flow velocity and HITS counts.
Definition of POCD
The presence of POCD was determined using the method of the International Study of Postoperative Cognitive Dysfunction group. 14 The change scores for each test in the patient group were corrected for practice effect by subtracting the change scores determined in a nonsurgical control group including patients with coronary artery disease. 9 A combined Z-score was calculated by summing the Z-scores of each neuropsychological tests in the patient group and dividing by the SD of the sum of the Z-scores in the control group. 14 Patients were considered to have had a cognitive deficit 14 if (1) there was a decrease in the combined Z-score of at least 2.0; or (2) a reduction of Ն2.0 in the Z-scores of 20% of the individual neuropsychological tests. To provide an overall summary measure of cognitive performance, the individual psychometric test scores were reduced to 4 cognitive domains using factor analysis with orthogonal rotation as per Newman et al. 15 The 4 domain scores were then summed to calculate a composite score.
Statistical Analysis
Normally distributed variables are reported as means and their SDs. Because the counts of HITS were nonnormally distributed, they are reported using median values (25th and 75th percentiles). Continuous variables were compared by unpaired t tests if normally distributed or Mann-Whitney tests for nonnormally distributed variables. Proportions were compared by 2 or Fisher exact tests. Logistic regression analysis was used to measure the relationship between total CPB count of HITS and incidence of POCD. The model was adjusted for age, duration of CPB, and study and treatment group. The interaction terms of the counts of HITS by age or study and treatment group were also tested. An analysis of variance for repeated measures evaluated the effects of different CPB periods on the counts of HITS including the study and the aortic There were some differences in the patients' demographics and intraoperative characteristics between the 2 study groups. Patients in the Cardio group were younger and had longer periods of both CPB and aortic crossclamping. Moreover, they had surgery more often with the single-clamp technique and with the use of retrograde cardioplegia for myocardial protection. In contrast, patients in the Temp group were more likely to have CPB with the use of a long-tip aortic cannula and a more frequent application of bone wax to the sternal edges.
Results
Patient Characteristics
Prevalence of POCD
POCD was identified in 47.3% of the patients before discharge, but this incidence decreased to 6.3% at 3 months after surgery. The incidence was similar in patients who were excluded from the analysis either due to poor-quality TCD recordings or absent TCD monitoring (1 Table 3 summarizes the counts of HITS by surgical period in patients with and without POCD and Table 4 illustrates the linear regression analysis between the change scores corrected for practice on each of the 15 neuropsychological tests and the CPB count of HITS adjusted by age and duration of CPB. There was no association between the CPB counts of HITS and the incidence of POCD (1 week: Pϭ0.617; 3 months: Pϭ0.110) or the composite cognitive score (1 week: Pϭ0.458; 3 months: Pϭ0.694). Additionally, there were no differences in the number of HITS between patients with and without POCD at 1 week and 3 months during any of the surgical periods or the entire CPB period. Moreover, no association was found between the corrected change scores from any neuropsychological test and the CPB counts of HITS at 1 week or 3 months. Also, no significant differences in the CPB counts of HITS (Pϭ0.277) were observed in older patients (Ն75 years) with and without POCD. During the first week, 54.5% of patients who underwent surgery with the single-clamp technique were classified with POCD compared with 44.4% of patients with the dual clamp *Patients were considered to have had a cognitive deficit if they met at least 1 of these 2 criteria: (1) decrease in the combined Z-score of at least 2.0; or (2) reduction in the Z-scores of at least 2.0 in 20% of the individual neuropsychological tests.
POCD, HITS Counts, and Surgery
(Pϭ0.089). At 3 months, the prevalence of POCD was 7.2% and 6.0%, respectively (Pϭ0.668). Furthermore, the use of a long-tip aortic cannula did not decrease the proportion of patients with POCD compared with those with the short-tip aortic cannula at 1 week (48.9% versus 40.6%, Pϭ0.212) or 3 months (6.5% versus 6.2%; Pϭ0.95) after surgery. Table 5 end of CPB and this difference was particularly noticeable at initiation of CPB (PϽ0.001). In the univariate analysis, longer durations of CPB were associated with higher CPB counts of HITS (R 2 ϭ0.02; Pϭ0.009). After excluding HITS from perfusionist interventions in patients from the Temp study, higher counts of HITS during the period of Aortic X-clamp-on were significantly correlated with higher mean cerebral blood flow velocity (adjusted R 2 ϭ0.028; Pϭ0.012). Patients with a 3°C reduction (37°C versus 34°C) in the nasopharyngeal temperature during CPB had an average 28% (Ϯ5%) decline in the mean cerebral blood flow velocity (37°C: 46Ϯ12 cm/s versus 34°C: 36Ϯ8 cm/s; PϽ0.001).
Factors Affecting HITS Counts
The use of either clamping technique did not significantly affect the CPB counts of HITS (Pϭ0.308), the total counts (Pϭ0.415), or the number of HITS detected between the application of the aortic crossclamp and end of CPB (Pϭ0.685). Additionally, no differences were found in the HITS counts due to the use of a short-or long-tip aortic cannula at any of the surgical periods (Pϭ0.516) or the entire CPB (Pϭ0.289).
Discussion
During CPB, solid and air emboli are released into the arterial circulation, but solid emboli are expected to be more likely to cause adverse postoperative neurological events, including POCD. 1, 2 Previous observations indicate that solid emboli are more likely released at certain surgical maneuvers during CPB. 2, 3, 5 We sought to study the time course and distribution of HITS occurring at different surgical periods during CPB for CABG surgery and their association with POCD. Our findings in a large number of patients indicate that there is no correlation between the counts of HITS during either the entire CPB or at any of the surgical periods during CPB and the incidence of POCD after CABG surgery.
The association between HITS counts and POCD has been controversial. 5, 8, 9, 13 Some studies have found that patients undergoing CABG with higher HITS counts were more likely to experience cognitive deficits 1,2,5,6 or higher rates of frontal lobe dysfunction, 16 but others have found that there is no correlation between HITS counts and neurological symptoms or cognitive deficits. 6, 8, 17 Several methodological issues may account for the variability among these studies, including small sample sizes, 1, 6 differences in intensity thresholds used to detect HITS, 13 artery location (carotid versus middle cerebral artery), 1, 8, 12 unilateral or bilateral recordings, 2, 8, 12 type of ultrasound device, 13, 18 quality of TCD recordings, 18 inconsistency of signal reviewing techniques (automatic versus manual), 13, 18 and the effects of several confounding variables such as the duration of CPB and core body temperature. 2 We sought to overcome these limitations by studying a large number of low-risk patients undergoing †HITS were recorded unilaterally in the left common carotid artery. ‡HITS were unilaterally recorded in the middle cerebral artery.
CABG surgery through the use of uniform TCD parameters, good-quality bilateral TCD recordings, and consistent manual offline procedures for reviewing embolic signals.
The fact that we did not find any correlation between the counts of HITS and POCD may be related to several factors. First, previous reports 6 -8 have suggested that air microemboli are less damaging to the brain than solid emboli, but current TCD technology does not differentiate embolus size and composition (air versus solid). 19 If the majority of cerebral microemboli during CPB are air microbubbles, then, the full effects represented by the total HITS counts on the patient's neurological outcome would be minimal. Second, cerebral embolization during CPB may not be as important to neurological outcome as other mechanisms of brain injury such as inflammation, cerebral edema, response to the surgical insult, and ischemia. 9 Third, comorbidities such as chronic hypertension, diabetes, or senile atherosclerotic disease may expose cardiac patients to regional cerebral hypoperfusion during surgery. 2, 9, 20 Fourth, older patients may have higher rates of unrecognized cerebral vascular disease 21 and this could contribute to the rapid deterioration of cognitive function after surgery. Fifth, the decreased amount of cerebral emboli achieved with off-pump CABG surgery has not resulted in a reduced incidence of POCD compared with on-pump procedures. 20 Sixth, a follow-up study 22 that found similar rates of POCD between patients undergoing CABG and nonsurgical controls suggests that perioperative factors may not be the cause of many POCD.
In our study, there were no differences in either the HITS counts or frequency of POCD associated with the aortic clamp technique or the type of aortic cannula. Our results obtained in low-risk CABG are different from Hammon et al 23 who in higher-risk cases observed reduced rates of POCD with the modified single-clamp technique but no reduction in the HITS counts. Our findings are similar to those by Mullges et al 17 who did not find any effect on the rates of POCD due to the length of the tip of the aortic cannula.
The use of different POCD definitions and techniques for counting HITS makes difficult to compare results among studies. We believe that our study achieved appropriate sensitivity by using scores corrected for practice effect and well-established criteria for POCD. 14 In fact, our incidence of POCD at 1 week and 3 months is similar to that reported by others. 8, 15, 20 Some studies (Table 6 ) with similar and different POCD definitions to our current study have found no association between HITS counts and POCD, but in others, which have reported a significant relationship, several issues regarding unilateral recording of HITS, 1,2 sample size, or the comparison of POCD between groups with arbitrary classifications of HITS counts 1 make this comparison more difficult. A limitation of our current study is related to differences in demographics and intraoperative characteristics between the 2 study groups. Although these factors may account for some variability in the number of HITS, we do not expect that it would change the relationship between HITS counts and POCD.
In summary, using data from 356 patients, we found that the number of HITS during the entire CPB period as well as during periods when solid emboli would be expected is not correlated with the incidence of POCD. Our findings indicate that the counts of HITS are associated with the type of surgical maneuver, cerebral blood flow velocity, duration of CPB, and type of clinical study but not related to the aortic clamp technique or length of the tip of the aortic cannula. The most likely explanation for our findings is that HITS identified during CPB mostly reflect air microemboli that have little effect on cerebral function as measured by cognitive testing. Although cerebral microemboli have been implicated in the pathogenesis of POCD, in this study that included low-risk patients undergoing CABG surgery, there was no demonstrable correlation between the counts of HITS and POCD. We believe that our findings underline the importance of developing and validating TCD devices that can distinguish solid from gaseous emboli.
